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MinireviewMicrotubule “Plus-End-Tracking
Proteins”: The End
Is Just the Beginning
be a distinct class of accessory factors, which we term
“plus-end-tracking proteins” or 1TIPs. These MAPs are
among the most conserved components of the MT cy-
toskeleton. They localize to the MT plus end, and in
living cells, they mark growing plus ends and thus give
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the appearance of “tracking.” Recently, studies from aHarvard Medical School
variety of organisms have implicated 1TIPs in the local44 Binney Street
control of MT assembly, and in the attachment of MTsBoston, Massachusetts 02115
to the cell membrane or kinetochore.
CLIP-170 Family 1TIPs
Human CLIP-170 is the prototype 1TIP (Perez et al.,
Microtubule (MT) polymers are the building materials for 1999 and references therein). The CLIP-170 family also
many important shapes in the cell. A central puzzle includes the neural-specific paralog CLIP-115, fission
about MTs is how they are so easily assembled into yeast tip1p, and budding yeast Bik1p (Akhmanova et
different structures. A general answer has been at hand al., 2001 and references therein; Brunner and Nurse,
for some time: the MT polymer is highly dynamic, and 2000 and references therein). What we refer to as plus-
in the presence of the right accessory factors, MTs self- end tracking describes the appearance of green fluores-
assemble into the desired forms. Thus, the accessory cent protein (GFP) tagged CLIP-170 as observed by
factors—MT-associated proteins (MAPs) and MT-based video microscopy in living cells (Figures 1A and 1B). The
motors—are thought to be the primary controls for the CLIP-170 signal is seen as a comet-like streak that skirts
shape of MT structures in the cell. along the growing plus ends of MTs. The distinct MT
Microtubules are hollow tubes composed of protofila- binding domain of CLIP-170, the CAP-Gly domain, is
ments of a- and b-tubulin dimers organized in a head- necessary for plus-end tracking. Fluorescent speckle
to-tail fashion. MTs are nucleated from their minus ends, analysis demonstrates that the CLIP-170 tracking be-
located at microtubule organizing centers, in most cases havior is due to treadmilling of CLIP-170 molecules;
the centrosome. Like the tentacles of an octopus, the CLIP-170 binds the polymerizing end of the MT and then
plus ends explore the intracellular space through alter- falls off behind the region of growth (Figures 1A and 1B
nating periods of growth and shrinkage, a behavior and legend; Perez et al., 1999; also see supplemental
which is termed dynamic instability. Through a “search movies to Perez et al., 1999: http://www.cell.com/cgi/
and capture” process, the plus ends eventually find their content/full/96/4/517/DC1). Thus, although the bulk
target destinations, such as kinetochores on mitotic CLIP-170 signal appears to move or track, individual
chromosomes and the cell membrane. MTs grow by CLIP-170 molecules are simply binding and then disso-
addition of GTP-tubulin dimers at the ends, which is ciating from the growing MT plus end. CLIP-170 is the
accompanied by GTP hydrolysis. Growing plus ends are only protein for which treadmilling has been demon-
open flat sheets extending from the body of the MT. It strated, but we apply the term “plus-end tracking” to a
is thought that growth occurs by extension of the sheet, group of proteins that exhibit similar localization and
which then folds into a tube just behind the region of are implicated in similar cellular functions. Eventually,
growth. By contrast, the protofilaments on shrinking this class of MAPs may be shown to be “plus-end-
plus ends are peeled back symmetrically around the treadmilling” proteins.
tube. Thus, growing and shrinking ends have distinct Recent experiments suggest that CLIP-170 related
conformations and the ends are different from the body proteins are components of systems that “guide” MTs
of the MT (Desai and Mitchison, 1997). to target destinations by local influences on MT dynam-
ics. In fission yeast, regional control of MT dynamicsIn the cell, a number of factors affect plus end behavior
plays a central role in polarized morphogenesis. In-and play an important role in the assembly of MT-based
terphase MTs run the long axis of the cell and terminatestructures. One factor is regional control of MT dynam-
at the cell ends where new cell growth occurs. Cellsics. MT growth can be “guided” toward specialized
with abnormal MTs cannot properly direct new growthmembrane domains and chromosomes by local influ-
to the cell ends. The fission yeast ortholog of CLIP-ences on MT assembly. Another key influence is the
170, tip1p, ensures that MTs reach the ends of the cellattachment process. Attachment also regulates MT dy-
(Brunner and Nurse, 2000). In living cells, growing tip1p-namics and is an important prerequisite for the formation
coated MTs are stable as they extend from the centro-of higher order structures. Thus, the MT ends—in partic-
some. If they hit the sides of the cell, they remain stableular the plus end—are obvious places to hunt for regula-
and are deflected toward the cell end. At the cell end,tors of assembly and intermediaries between MTs and
they often undergo catastrophe, the transition fromother components of the cell.
growth to shrinkage. In the absence of tip1p, catastro-In this minireview, we focus on what we consider to
phes are no longer restricted to the cell ends, but also
occur in the cell center. Thus, tip1p is an anticatastrophe
factor; and, by inference, this may be the case for other1 Correspondence: schuyler@fas.harvard.edu or david_pellman@dfci.
CLIP-170 family members. Further, there may be one orharvard.edu
more proteins at the cell ends that regulate tip1p.
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the turnover of CLIP-170 and other 1TIPs (see below)
at MT plus ends in the presence or absence of CLASPs.
Another important question about CLASPs is whether
they provide “capture sites” that physically link stabi-
lized MT ends to the membrane. It is intriguing that
among the thicket of CLASP isoforms, one is thought
to be N-terminally palmitolyated, and is associated with
intracellular membranes (at least some CLASPs localize
to the Golgi; Akhmanova et al., 2001). As appealing as
this hypothesis appears, it is still not known if the
CLASPs at the leading edge of the cell are palmitoylated
and/or tightly bound to the plasma membrane.
A growing body of evidence suggests that CLASPs
may be the tip of the iceberg for CLIP-170 family regula-
tors and targets. The fission yeast experiments suggest
that a factor at the cell end alters tip1p activity in a way
that destablizes MT-plus ends. This is the opposite of
the effect of CLASPs, which stabilize MT-plus ends.
Another candidate CLIP-170 target is the motor protein
dynein and its regulator dynactin. CLIP-170 colocalizes
with dynein and dynactin subunits both at peripheral
sites and at the kinetochore, and overexpression studies
suggest a functional link between the two (Schroer, 2001
and references therein). Finally, the budding yeast CLIP-Figure 1. Plus-End Treadmilling
170 ortholog, Bik1p, binds to Stu2p. Stu2p is a member(A) CLIP-170 (in green) binds the polymerizing plus end of the MT
of the conserved XMAP215 family of MAPs, which has(at the right) and remains bound until it is released behind the region
of growth. homology to some CLASP isoforms (Chen et al., 1998
(B) Fluorescent speckle analysis (FSA). The release of fluorescently and references therein; Akhmanova et al., 2001). This
tagged CLIP-170 creates a nonuniform “fluorescent speckle” pat- interaction may reflect a more general functional rela-
tern that serves as a “bar code” which marks the position of bound tionship between CLIP-170 family and XMAP215 familyGFP-CLIP-170 relative to the MT. FSA demonstrates that as an MT
proteins. It is important to note that the functional conse-plus end polymerizes (from top to bottom), the bound GFP-CLIP-
quences of these various interactions are not yet well170 does not slide. If, for example, a MT-based motor transported
1TIPs to the MT plus end, the “bar code” would slide to the right. characterized—they could be important either for con-
(C) Three models for 1TIP binding to the MT plus end. 1TIPs are trol of MT assembly dynamics or for attachment to MT
shown in green, the GTP-bound form of a/b-tubulin dimers is in red, targets. In fact, some of these interactions may not regu-
and the GDP-bound form of a/b-tubulin dimers is in gray. late MT dynamics at all, but may be transport mecha-
nisms. Proteins may bind to 1TIPs as a way to ride out
to destinations at the cell periphery.
In animal cells, a family of CLIP-170 regulators called The EB1 Subfamily of 1TIPs: Expanding the Plus
“CLASPs” have recently been discovered (Akhmanova End Repertoire
et al., 2001). Identified in a two-hybrid screen with a The second family of proteins exhibiting 1TIP behavior
conserved region of the CLIP-115 coiled-coil, CLASPs are related to the human MAP, EB1 (Tirnauer and Bierer,
are members of the conserved MAST/ORBIT family of 2000). This group is also conserved from yeast to hu-
MT binding proteins. CLIPs and CLASPs form a complex mans, and includes Bim1p from budding yeast and
network at the plus ends of MTs; they independently mal3p from fission yeast. Like the CLIP-170 family, the
bind to MTs and also bind to each other. Overexpression EB1 family proteins are components of plus-end com-
and antibody microinjection experiments suggest that plexes. EB1 was first identified as a binding partner for
CLASPs stabilize MTs (Akhmanova et al., 2001 and refer- the adenomatous polyposis coli tumor suppressor, APC.
ences therein). Interestingly, CLASPs localize asymmet- Live-cell microscopy experiments show that EB1 and
rically to the leading edge of fibroblasts which have APC have the general characteristics of plus-end
been induced to polarize in response to “wounding.” tracking (Schroer, 2001 and references therein). Al-
This contrasts with CLIP-170, which decorates MT plus though not yet conclusively tested, it is likely that APC’s
ends throughout the cell. The redistribution of CLASPs “1TIP” behavior is mediated by binding to EB1 (Mimori-
in wounded cells is required for orienting stable MT Kiyosue et al., 2000).
arrays toward the leading edge (Akhmanova et al., 2001). There are compelling parallels both between EB1 and
Thus, CLASPs appear to be responsible for at least CLIP-170 and between APC and CLASPs. EB1-APC may
some local affects on MT dynamics. have a role in orienting MTs toward specialized regions
Although CLIP-170 and CLASPs appear to form a key of the cell membrane, like CLIP-170-CLASP. EB1 and
link between MTs and signals at the leading edge, impor- CLIP-170 decorate MT ends throughout the cell,
tant questions about the mechanism of CLASP action whereas APC and CLASPs are specifically concentrated
remain unresolved. Once bound to the ends, do CLASPs at the leading edge of migrating cells (Nathke et al.,
directly stabilize MTs, or indirectly stabilize them by 1996; Akhmanova et al., 2001). In Drosophila, there is
inhibiting the disassociation of CLIP-170? To distinguish evidence that EB1 and APC orthologs have a functional
role in the communication between specialized mem-among these possibilities it will be necessary to examine
Minireview
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brane regions and MTs. Both proteins are required for relative to the region decorated by CLIP-170. However,
although it is clear that the GTP cap can be small inpositioning of the mitotic spindle during neuroblast
asymmetric cell divisions (Lu et al., 2001). In budding vitro, the true extent of the cap in vivo is not known.
Another argument against GTP cap binding is that CLIP-yeast a complex between Bim1p, the EB1 ortholog, and
Kar9p, a cortical protein with a small stretch of homology 170 does not bind preferentially to regions of MTs that
contain GMPCPP, a slowly hydrolyzed GTP analog (Dia-to APC, mediates the interaction of MT plus ends with
polarized sites at the plasma membrane (reviewed in mantopoulos et al., 1999). The plus-end sheet binding
model predicts that CLIP-170 would have to distinguishSchuyler and Pellman, 2001; Segal and Bloom, 2001).
EB1 and APC may also have a role in guiding and/or between the conformation of tubulin in sheets from tu-
bulin in tubes. Currently, there is no experimental evi-attaching MTs to the kinetochore. Like CLIP-170 and
CLASP family proteins (Akhmanova et al., 2001 and ref- dence for or against this idea. The third and perhaps
most attractive model is that CLIP-170 binds to freeerences therein; Schroer, 2001 and references therein),
EB1 and APC localize to the kinetochore. Indeed, ge- tubulin dimers or oligomers, and is then coassembled
into the plus end during polymerization. This model isnetic experiments in mouse ES cells recently implicated
EB1 and APC in attachment of MT ends to the kineto- supported by the finding that CLIP-170 binds to tubulin
dimers and oligomers in vitro, and further, that incorpo-chore (Kaplan et al., 2001; Fodde et al., 2001). The local-
ization and phenotypes of fungal EB1 orthologs are also ration of CLIP-170 at MT plus ends is enhanced by
preincubation with unpolymerized dimers (Diamanto-consistent with the notion that they could be involved
in kinetochore capture. poulos et al., 1999).
Whatever the mechanism for loading CLIP-170 on toThere is also evidence in fungi that EB1 family proteins
functionally overlap with CLIP-170 family proteins. In the plus end, it should be emphasized that, when overex-
pressed, CLIP-170 or EB1 family proteins label the en-fission yeast, loss of either tip1p or mal3p results in a
very similar defect in polarized morphogenesis (Brunner tire length of MTs in the cell (Tirnauer and Bierer, 2000
and references therein; Schroer, 2001 and referencesand Nurse, 2000 and references therein). In budding
yeast, cells lacking either Bik1p or Bim1p have similar therein). This may be explained by the proposal that
both CAP-Gly-containing proteins and EB1 family pro-phenotypes. Additionally, under most conditions, dou-
ble mutants are dead whereas single mutants are viable teins bind to a-tubulin in a region exposed on the outer
surface of MTs (Richards et al., 2000). Thus, the localiza-(Schwartz et al., 1997). Thus, Bik1p and Bim1p overlap
to provide what may be an essential 1TIP function. tion of 1TIPs at the plus end may result from a balance
of many factors: the relative affinity of 1TIPs for tubulinAlthough there are similarities between the CLIP-170
and EB1 family proteins, there are two notable differ- dimers versus tubulin polymer; the concentration of
1TIPs, tubulin dimers, and tubulin polymers in the cell;ences. First, there is no sequence homology between
the two groups. However, many proteins lacking primary and the binding of 1TIPs to different partners or regu-
lators.sequence homology share a common structure. The
potential for a common structure for the MT binding Although copolymerization is an attractive mecha-
nism for adding CLIP-170 to MT plus ends, treadmill-domains of CLIP-170 family and EB1 family proteins is
appealing and important to test. Another key difference ing also requires a mechanism for release. Other MAPs
appear to bind MTs by copolymerization, but do notis that loss of Bim1p in budding yeast results in an affect
on MT dynamics that is strikingly different from the loss release, and therefore localize along the entire MT (Dia-
mantopoulos et al., 1999 and references therein). Cur-of tip1p in fission yeast (Tirnauer and Bierer, 2000 and
references therein; Brunner and Nurse, 2000). Whereas rently, the release mechanism for CLIP-170 is not known,
but there are several attractive possibilities. CLIP-170loss of tip1p leads to a specific increase in the catastro-
phe frequency, loss of Bim1p generally suppresses MT MT binding is known to be inhibited by phosphorylation
(Schroer, 2001 and references therein). Thus, releasedynamicity (primarily during the G1 phase of the cell
cycle). The basis for this difference is currently obscure, could be triggered by an associated kinase. In this light,
it is intriguing that the CLIP-170 ortholog from buddingbut it could either reflect differences in the biochemical
properties of the two protein subfamilies, or it could be yeast, Bik1p, is tightly associated with the phos-
photidyinositol family kinases, Tor1p and Tor2p (Choian indirect reflection of different cellular environments.
In vivo, loss of one MT regulator may induce compensa- et al., 2000). Although these kinases have not been
shown to directly regulate Bik1p, loss of these proteinstory changes in others, and these changes may be differ-
ent in different organisms. Distinguishing between these results in MT defects. An alternate mechanism for re-
lease is that the affinity of CLIP-170 binding is reducedalternatives will require analysis of MT dynamics in 1TIP
mutants from the same organism and in vitro studies of by conformational changes in the MT polymer that occur
when the growing tubulin sheet folds into a tube.their direct effects on MT dynamics.
Mechanism for Plus-End Tracking Future Directions and Conclusion
There are several key unanswered questions about theWhat are the molecular events that result in treadmilling
of CLIP-170 and perhaps other 1TIPs? From in vitro 1TIPs. One is the mechanism of release of 1TIPs from
the trailing edge of polymerizing MTs. An important bar-experiments, three general models can be envisioned
(Figure 1C, Diamantopoulos et al., 1999). The first two rier to progress is the absence of an in vitro system that
faithfully recapitulates both the binding and release thatmodels are based on the idea that CLIP-170 recognizes
a specific structural feature of the growing MT plus end: characterize plus end tracking. As 1TIP partners/regula-
tors may be important to reconstitute 1TIP treadmillingeither the GTP-bound tubulin cap or the unfolded poly-
mer sheet. One argument against CLIP-170 binding to in vitro, future progress may come from systems with
additional purified components, or from ones based onthe GTP-tubulin cap is that this cap is thought to be small
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Gaspar, C., van Es, J.H., Breukel, C., Wiegant, J., Giles, R.H., andcrude extracts. Another question is the in vivo relation-
Clevers, H. (2001). Nat. Cell Biol. 3, 433–438.ship between different 1TIPs. It appears that CLIP-170
Kaplan, K.B., Burds, A.A., Swedlow, J.R., Bekir, S.S., Sorger, P.K.,and EB1 can reside on the same growing MT end (Akh-
and Nathke, I.S. (2001). Nat. Cell Biol. 3, 429–432.manova et al., 2001). Is there cooperation or competition
Lu, B., Roegiers, F., Jan, L.Y., and Jan, Y.N. (2001). Nature 409,between these proteins, and could such interactions be
522–525.
a nodal point for regulating the repertoire of plus end
Mimori-Kiyosue, Y., Shiina, N., and Tsukita, S. (2000). J. Cell Biol.behaviors?
148, 505–518.
In addition, it is not known whether 1TIPs can provide
Nathke, I.S., Adams, C.L., Polakis, P., Sellin, J.H., and Nelson, W.J.
stable attachments. It will be important to determine (1996). J. Cell Biol. 134, 165–179.
if their association with MTs is stabilized (i.e., if they Perez, F., Diamantopoulos, G.S., Stalder, R., and Kreis, T.E. (1999).
treadmill less) when MT plus ends interact with target Cell 96, 517–527.
sites. An alternative, suggested for CLIP-170 at the ki- Richards, K.L., Anders, K.R., Nogales, E., Schwartz, K., Downing,
netochore, is that 1TIPs mediate the initial attachment K.H., and Botstein, D. (2000). Mol. Biol. Cell 11, 1887–1903.
but then dissociate (Dujardin et al., 1998). Real-time Schroer, T.A. (2001). Curr. Opin. Cell Biol. 13, 92–96.
methods where the turnover of 1TIPs at the MT end Schuyler, S.C., and Pellman, D. (2001). J. Cell Sci. 114, 247–255.
can be measured may help distinguish between these Schwartz, K., Richards, K., and Botstein, D. (1997). Mol. Biol. Cell
possibilities. Although budding yeast is not famous for 8, 2677–2691.
the awesome power of its cytology, the ability to see Segal, M., and Bloom, K. (2001). Trends Cell Biol. 11, 160–166.
single MTs interacting with target sites on the membrane Tirnauer, J.S., and Bierer, B.E. (2000). J. Cell Biol. 149, 761–766.
provides unique spatial resolution that should facilitate
these experiments. Finally, do the 1TIPs only function
at the MT plus end? Several 1TIPs interact with proteins
that associate with or regulate the behavior of the MT
minus ends (Chen et al., 1998; Chen et al., 2000). This
raises the possibility that 1TIPs might have an additional
role in MT nucleation or in anchoring MT minus ends to
the centrosome.
Like motors and the proteins involved in microtubule
nucleation, the CLIP-170 family and EB1 family proteins
are highly conserved. We speculate that these proteins
evolved because of the need for devices that distinguish
the plus end from the body of the MT. Although the
plus end has a unique shape, its large size (.25 nm in
diameter) makes it an unwieldy object to recognize at
the molecular level. 1TIPs may solve this problem; if
copolymerized with tubulin, 1TIPs may “tag” MT plus
ends. By interacting with different partners, 1TIPs could
serve as molecular adaptors, providing links to a large
repertoire of signals and target sites. In the cell, this
diversity of plus end interactions may be fundamental
to the regional control of MT dynamics, MT attachment,
and the assembly of complex MT-based structures nec-
essary for cell division and morphogenesis.
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